We have constructed a regional tree ring cellulose oxygen isotope ( The close relationship between tree ring cellulose δ 18 O and the Indian summer monsoon (ISM) can be explained by oxygen isotope fractionation mechanisms. Our results indicate that the regional tree ring cellulose δ 18 O record is suitable for reconstructing high-resolution changes in the ISM. The record exhibits significant inter-annual and centennial variations.
central Nepal were obtained in this study, and were combined with three previously published records from northwest India, western Nepal and Bhutan (Sano et al., 2011; Sano et al., 2013; Sano et al., submitted) The data were integrated in order to produce a regional tree ring δ 18 O record which was used to reconstruct the history of the ISM during the last few hundred years, and to investigate its possible driving mechanisms on various time scales.
2 Materials and methods

Sampling sites
Five tree ring cellulose δ 18 O records were selected to construct a regional climate signal for the southern Himalaya (Figure 1 ).
Three records (Manali, in northwest India; Humla, in west Nepal; and Wache, in Bhutan) were published previously (Sano et al., 2011; Sano et al., 2013; Sano et al., submitted) . Two tree ring cellulose δ 18 O chronologies were constructed in this study. 10
Core samples for Cedrus deodara near Jageshwar (29˚38'N, 79˚51'E, 3849 m a.s.l., JG) and Abies spectabilis near Ganesh Table 1 . In general, two core samples for each tree were collected at breast height using a 5-mm diameter increment corer. The cores were air dried at room temperature for 2-3 days and the surfaces were then smoothed with sand paper to render the ring boundaries clearly visible. The ring widths of the samples were measured at a resolution of 0.01mm 15 using a binocular microscope with a linear stage interfaced with a computer (Velmex™, Acu-Rite). Cross dating was performed in the laboratory by matching variations in ring width from all cores to determine the absolute age of each ring.
Quality control was conducted using the COFECHA computer program (Holmes, 1983) .
Cellulose extraction and isotope measurements 20
Four trees near Ganesh and three trees near Jageshwar, all with relatively wide rings, were selected for oxygen isotope analysis (Figures 2 & 3) . The modified plate method (Xu et al., 2011; Xu et al., 2013b , Kagawa et al., 2015 , based on the chemical treatment procedure of the Jayme-Wise method (Green, 1963; Loader et al., 1997) , was used to extract α-cellulose.
The plate method of extracting α-cellulose directly from the wood plate rather than from individual rings can reduce the α-cellulose extraction time (Xu et al., 2011) . In addition, the modified plate method can reduce the amount of sample material 25
Clim. Past Discuss., doi:10.5194/cp-2016 Discuss., doi:10.5194/cp- -132, 2017 Manuscript under review for journal Clim. Past Published: 20 January 2017 c Author(s) 2017. CC-BY 3.0 License. lost during cellulose extraction, enabling sufficient material to be obtained to enable narrow rings to be measured by isotope ratio mass spectrometer (Xu et al., 2013b) . There is no statistically significant difference between tree ring δ 18 O values obtained by the plate and conventional methods (Kagawa et al., 2015; Xu et al., 2013b) .
Cellulose samples (sample weight, 120-260 µg) were wrapped in silver foil, and tree ring cellulose oxygen isotope ratios 5 
Meteorological data and climate analyses
In the northern Indian subcontinent, the monsoon season is from June to September. The summer monsoon season supplies 15 78% and 83% of the annual precipitation for Kathmandu and New Delhi, respectively. The Indian monsoon index (IMI) (Wang et al., 2001) , the intensity of monsoon circulation (Webster and Yang, 1992) and All India Rainfall (AIR, obtained from the Indian Institute of Tropical Meteorology , Pune, India) were selected as proxies for the Indian summer monsoon in order to investigate the relationship between tree ring cellulose δ 18 O variations and the monsoon. In addition, we used the Royal Netherlands Meteorological Institute Climate Explorer (http://www.knmi.nl/) to determine spatial correlations 20 between tree-ring cellulose δ 18 O, precipitation (GPCC V7) and sea-surface temperature (SST) values obtained from the National Climatic Data Center v4 data set. Temperature reconstructions for the Indian Ocean (Tierney et al., 2015) and the Tibetan Plateau (Shi et al., 2015) , spanning the last 400 years, were used to obtain a record of the history of land-ocean thermal contrast.
25
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Three tree ring δ 18 O time series from northern India (JG) are shown in Figure 3a . Previous studies have used the intensity of atmospheric circulation and the rainfall of the whole of India to reflect the 10 intensity of the ISM (Mooley and Parthasarathy, 1984; Wang et al., 2001; Webster and Yang, 1992) . We assessed the convection, the more the oxygen isotopic composition of the rainwater is affected by depletion (Lekshmy et al., 2014; Vuille et al., 2003) , and this signal is reflected in tree ring δ
18 O values. On the other hand, a stronger ISM leads to higher relative humidity, and a lower re-evaporation rate for rainfall or a reduced evaporation of leaf water in trees, resulting in less enriched tree ring δ 18 O values (Risi et al., 2008; Roden et al., 2000) . 
Interannual to centennial variability of the ISM inferred from the regional tree ring δ 18 O record
The results of spectral analysis using the multi-taper method (Mann and Lees, 1996) indicates that the H5 regional tree ring δ 18 O record contains several high-frequency quasi-periodicities (2.4, 4 and 5 years), as well as lower frequency periodicities (160~350 years) at a confidence level greater than 99% ( Figure 7 ). This indicates that interannual and centennial variability of the ISM was dominant characteristic feature during the last several hundred years. The interannual variability (2-5 years) 10 of the H5 record is similar to that of ENSO, suggesting a possible relationship (Mason, 2001) . The spatial correlation between the H5 record and SST also reveals a close relationship between the ISM and ENSO (Figure 8 ). Other highresolution ISM-related records from monsoonal Asia also exhibit similar inter-annual periodicities (Sun et al., 2016; Xu et al., 2013a ; Yadava and Ramesh, 2007) . In addition, meteorological data indicates that ENSO has had a significant influence on changes in the ISM change since 1870 CE (Kumar et al., 1999; Webster et al., 1998) . (Sinha et al., 2011; Sinha et al., 2015) . This inconsistency may be the result of the different types of proxy record used together with micro-environmental differences between the sampling sites. Although decadal to multi-decadal variability of the H5 tree ring δ 18 O record is not strongly developed, the record does contain decadal to multi-decadal changes. Decadal to multi-decadal variability was extracted using bandpass filters (15-80 years) ( Figure 10 , red line). From the perspective of decadal to multi-decadal changes, the H5 20 record shares similarities with the speleothem record, which indicates that they both record a common signal that is likely to be the ISM (Figure 10) There are also significant centennial-scale variations in the H5 record (Figure 7 ), which were extracted using a 100-year lowpass filter ( Clim. Past Discuss., doi:10.5194/cp-2016 Discuss., doi:10.5194/cp- -132, 2017 Manuscript under review for journal Clim. Past Published: 20 January 2017 c Author(s) 2017. CC-BY 3.0 License. Chauhan et al., 2010) . We suggest that further high-resolution and well-dated ISM records from western India are needed to improve our understanding of the behavior of the ISM.
The H5 record suggests a decreasing trend of ISM strength, which is supported by most of the other well-dated and highresolution ISM records. A previous study has indicated that solar irradiance has a significant influence on the ISM on multi-5 decadal to centennial timescales, and that reduced solar output is correlated with weaker ISM winds (Gupta et al., 2005) .
However, solar irradiance has increased since 1810-1820 CE (Bard et al., 2000; Lean et al., 1995) and therefore it cannot be the main reason for the weaker ISM since 1820 CE. Atmospheric CO 2 content is another forcing factor for the ISM, with higher atmospheric CO 2 content resulting in a stronger ISM (Kripalani et al., 2007; Meehl and Washington, 1993) . Thus, the increased atmospheric CO 2 content during the last 200 years is unlikely to be the reason for the weakened ISM. Several 10 studies show that increased Indian Ocean SSTs caused a reduction in ISM rainfall (Fan et al., 2009; Naidu et al., 2009; Sun et al., 2016; Roxy et al, 2015) . The Indian Ocean SST has increased since 1840-1860 CE (Tierney et al., 2015; Wilson et al., 2006) , which supports this explanation. Although the SST of the Indian Ocean significantly affects the ISM, the land-sea thermal contrast is also an important influencing factor (Roxy et al., 2015) . In particular, heating anomalies over the Tibetan Plateau have a significant influence on the ISM via their effect on the atmospheric temperature gradient between the Plateau 15 and the tropical Indian Ocean (Bansod et al., 2003) . Temperature differences between the Tibetan Plateau and the Indian Ocean were used to evaluate the history of land-sea thermal contrasts, and centennial variations in this record are shown in Figure 11b . The H5 record exhibits a similar pattern of changes on a centennial scale. The decreasing land-sea thermal contrast since 1820 CE has resulted in a weaker ISM, and the increasing trend of the H5 record since 1820 CE also indicates a reduced ISM intensity. The land-sea thermal contrast increased from 1880 to 1930 CE, while the intensity of the ISM 20 inferred from the H5 record continued to weaken, which may be related to anthropogenic aerosol emissions. Aerosol Clim. Past Discuss., doi:10.5194/cp-2016 Discuss., doi:10.5194/cp- -132, 2017 Manuscript under review for journal Clim. Past Published: 20 January 2017 c Author(s) 2017. CC-BY 3.0 License. Clim. Past Discuss., doi:10.5194/cp-2016 Discuss., doi:10.5194/cp- -132, 2017 Manuscript under review for journal Clim. Past Published: 20 January 2017 c Author(s) 2017. CC-BY 3.0 License. 70E  75E  80E  85E  90E  95E   65 E  70E  75E  80E  85E  90E  95E   0 Land-sea temperature Anomaly (low frequency) Regional tree ring oxygen isotope chronology (low frequency)
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